ABSTRACT: In this paper we report on the evidence for ionization track signals from cosmic ray muons and Compton electrons in a Time Projection Chamber (TPC) filled with liquid Argon and doped with different fractions of Nitrogen. This study has been conducted in view of the possible use of liquid Argon/Nitrogen TPCs for the detection of gamma rays in the resonant band of the Nitrogen absorbtion spectrum, a promising technology for security and medical applications.
Introduction
Time Projection Chambers (TPC) based on liquid noble gases as ionization and target medium are being developed since 1977 [1] . Among the main advantages of such detectors there are highdensity, high filling factor, high-granularity and high spatial resolution. TPCs filled with liquid Argon are promising because of the availability and the low cost of Argon, and the proven high performance (see for example [2] ). Sub-milimeter space resolution can be achived with such detectors for minimum ionizing particles, with full 3D reconstruction of the events.
A promising new technology proposed for the vast area of security applications is the Gamma Nuclear Resonant Absorbtion (GNRA) radiography [3, 4] . It assumes the use of high-resolution tracking detectors with a substantial content of Nitrogen as gamma-to-charged particle conversion medium. An appealing approach that we are proposing is to use liquid Argon TPCs for this purpose, doped with liquid Nitrogen to a concentration that provides high gamma conversion efficiency in the resonant band on one side, and sufficient charge transport and collection performance on the other. We plan to continue the related research and development of such a detector in near future by exploiting the outstanding imaging and particle identification capabilities of liquid Argon TPCs.
The first observations of signals in ionization chambers filled with mixtures of liquid ArgonNitrogen date from 1948 [5] . A notable effect of the Nitrogen concentration on the ionization pulse height was reported in that work. However, in 1963 it was shown that the charge attachment cross section in liquid Argon-Nitrogen mixtures is rather low, so that the efficient transport of the ionization signal in such mixtures is possible [6] . Important studies on the production and transport of ionisation signals in liquid Argon in presence of Nitrogen and Oxygen impurities were reported in 1976 [7] . The studied concentrations were up to 1750 ppm and 60 ppm for Nitrogen and Oxygen respectively. The strong effect due to Oxygen was observed while the effect of Nitrogen was much lower. An effect on the scintillation light yield in liquid Argon in presence of small amounts of Nitrogen was also mentioned in [8] In these works Nitrogen was considered as undesired contamination to the noble Argon, and therefore the concentrations studied were below 1%. In order to have sufficient gamma conversion efficiency the concentration of Nitrogen in the tracking medium must be of the order of 5-10% or more. The investigation of ionization charge transport in liquid Argon-Nitrogen mixtures with a substantial content of Nitrogen (from 7% to 25%) was reported in 1984 [9] . It was shown that Nitrogen does not reduce the detected charge as strongly as Oxygen. However, the presence of Nitrogen can catalize the process of electron attachment on electronegative impurities, such as Oxygen, due to enhanced electron thermalisation. In [10] the possibility of the detection of ionization signals in mixtures with relatively high (up to 20mol.%) concentrations of Nitrogen in liquid Argon was reported, together with measurements of the electron drift velocity. These results have shown the possibility to achieve reasonably efficient transport of the primary ionization charge packets in liquid Argon-Nitrogen mixtures over distances of the order of millimeters. In this paper we study charge production and recombination in a prototype TPC filled with liquid Argon-Nitrogen mixtures with Nitrogen content of up to 6%.
Experimental setup
A short drift-gap TPC was constructed for this study, with relatively high (about 10 kV/cm) electrostatic field. The chamber is placed in a hermetic vacuum-isolated volume (Dewar). High-voltage input and wire signals output are provided at the top flange of the Dewar with dedicated feedthrough connectors (Figures 1, 2) . The TPC is a wire chamber whith the cathode plate placed at a high negative potential and the wire plane (anode) at a potential near ground. The whole detector is completely immersed in liquid Argon. A charged particle passing through the liquid Argon volume ionizes the atoms close to the particle track. Electrons are separated from the positive ions by the electric field and drift to the wires, while the ions drift to the cathode. The electrons are then captured by the wires, hence producing an electric pulse. As a source of ionization, Compton electrons produced by γ radiation from a 60 Co source are utilized as well as cosmic ray muons.
The chamber has a drift distance of 8.5 mm, 20 wires with 2 mm spacing and a length of 103 mm. Out of 20 wires 8 are read out and the others just connected to ground potential to provide a uniform field in the drift region. This results in an active volume of 14 cm 3 ( Figures 3 and 4) .
In order to achieve the required level of liquid Argon purity the Dewar was first evacuated to a residual pressure of 1.4 × 10 −3 mbar. Then it was flushed with the pure cold gas Argon to remove remaining contaminations. The filling system was sealed and evacuated as well. The whole TPC setup was assembled with the use of low-degassing materials, such as aluminum, stainless steel, fiberglass. The high-voltage feedthrough and signal cables were isolated with PVC and polyurethane. However, their degassing at liquid Argon temperature may be neglected. The Argon used to fill the detector is a commercial liquified gas of a grade 48 (99.998%). The Nitrogen used for doping has a grade 50 (99.9990%). Both liquified gases are provided by CARBAGAS 1 . The Argon-Nitrogen mixture is produced in the Dewar by adding measured quantities of liquid Nitrogen into the Dewar, filled with a known amount of liquid Argon. In order to monitor the Nitrogen concentration a simple sensor was developed, based on the measurement of the density of the liquified gas. 1 CARBAGAS,Hofgut, 3073 Gümligen, Switzerland.
The collected charge signals from the wires are amplified by low-noise integrating shaping amplifyers and read out by high-speed VME ADC modules. The readout chain for each wire consists of a charge-integrating pre-amplifier and a high-speed ADC channel. The amplifier has a nominal sensitivity of 25 mV/fC with a wire effective capacitance of 110 pF. The ADC is the CAEN V1724 8-channel 100 Ms/s VME unit, read out via optical CAEN 2 V2718 VME-PCI interface. The typical response of the amplifier to the short (< 1µs) charge packet is shown in Figure 8 .
The triggering system is based on majority logics allowing to trigger on each wire, as well as on the OR of any number of wires out of 8. The analog pulse is amplitude-discriminated. The collected charge descrimination threshold can be varied from 0 to 30 fC. After each trigger the data from each wire (4096 samples) are saved on disk together with meta-information, like event time, run parameters, etc. These files are then converted into a ROOT data structure and analised in the ROOT physics analysis framework 3 .
In order to measure relatively high concentrations of Nitrogen in Argon we used a capacitive density meter. Due to the fact that Argon (ρ = 1, 38kg/l) is much denser than Nitrogen (ρ = 0.809kg/l) the density of the mixture provides the concentration of Nitrogen in Argon. The dependence of the density on the concentration of Nitrogen in Argon is linear. In Figure 5 the structure of the density meter is shown. The density meter sensor is a capacitor with one plate attached to a floater. Being submersed into the liquid, the capacitance value depends on the buoyancy force acting on the floater and deforming the plate. In order to measure this capacitance, a relaxation generator was built with the sensor in a time-defining circuit. The frequency of the generator is then measured. The density meter was calibrated with different Argon-Nitrogen mixtures and has shown a linear dependence in the range of 0% to 100% of Nitrogen in Argon. The density measurement error is found to be about 1%. A dedicated charge-integrating shaping preamplifier was used for measurements. Assuming that the charge packet extension is short compared to the shaper relaxation time (1µs), the pulse height is proportional to the total collected charge. In order to normalize gain factors for different channels, the mean signal amplitude for each of them was measured by using Compton electrons from the 60 Co source. The distribution of the relative average signals for 8 wires is shown in Figure  6 . 
Experimental procedure and data taking
According to [16] this initial Argon purity should provide a charge life time of about 0.15 µs, which for drift fields higher than 2 kV/cm results in a charge attenuation lenght of about 1 mm, comparable to the drift lenght of the TPC. The initial tests were done with the non-doped Argon, triggering on the coincidence of 4 wire signals. The discrimination level was set to about half of the expected pulse width from minimum ionizing particles passing perpendicular to the wires (about 3 fC). With these conditions we observed tracks from cosmic-ray muons crossing the active volume of the chamber (Figure 7) .
The total collected charge represents the convolution of the produced ionization charge reduced by the initial recombination and by charge losses due to attachments on impurities during the drift. The energy stectrum of cosmic muons is rather broad and the rate of events is relatively low. Therefore, these tracks could not be efficiently used to study charge recombination in our setup. In order to get reasonable statistics a radioactive 60 Co source was used. This source emits γ-rays in two narrow spectral lines of 1.17 MeV and 1.33 MeV with equal intensities. These γ may experience Compton scattering on the electrons in the liquid Argon, so producing electrons with a typical Compton energy spectrum. Such electrons have a range in Argon of the order of 1mm, so the ionization charge of each of them can be only seen by one wire of the chamber. The primary ionization charge can then be calculated using the known value of the ion-electron pair production energy in liquid Argon W = 23.6 eV [15, 14] . For the end point Compton electron from 1.33 MeV γ the total deposited charge is expected to be Q 0 = 7.56 fC. The typical resulting signal from the TPC wire is shown in Figure 8 . To trigger the aquisition for further measurements we used a discrimination threshold corresponding to about 1/5 of the response to the mostly energetic Compton electrons from 60 Co. In the next Section we will show how this signal can be used to decouple different charge loss mechanisms in the liquid Argon-Nitrogen mixture.
Charge recombination and observed signal in the TPC
The initial spectrum of ionization in a drift chamber is transformed by the following processes:
• Recombination Let's assume that the probability density for the initial ionization from a single event is approximated by a polynomial expansion on the charge range from 0 to q e :
where x represents the ionization charge and A i are expansion coefficients.
Recombination happens just after the formation of the charge packet around the particle track. There are models explaining this process [11] [12] [13] [14] which however have difficulties in describing the recombination in all possible ranges of drift fields and ionization densities. The so-called "Box model" [14] gives a good theoretical basis and allows to take into account possible effects of substantial Nitrogen concentrations. The model is described by the formula:
where Q 0 is the initial ionization charge, q 0 is the collected charge assuming no drift, N 0 is the total amount of each (+ and -) charge in the ionization "box" of linear dimension a in the direction of the electric field, K r is the recombination term defined by the recombination cross-section, u − is the electron mobility and E is the electric field intensity.
• Charge attachment to impurities during the drift
The charge recorded at the TPC collection wire is defined by:
where q 0 is the charge left after recombination at the distance x from the wire and λ , the attenuation length, is the function of the Argon purity and temperature.
The probability distribution of the collected charge in case of primary ionization by Compton electrons is given by: where D is the distance between the anode wires and the cathode plate, λ is the charge attenuation length during the drift, E γ is the energy of the primary γ and q e is the end point of the Compton electron energy spectrum. From Figure 10 it is evident that the end-point of the spectrum does not depend on the drift attenuation. Therefore, formulas 4.5 and 4.6 can be used to fit the TPC signal spectrum in order to derive the charge left after the initial recombination q 0 , and so to decouple it from the subsequent drift losses. In this work a 60 Co isotope with two lines in the γ spectrum is used and the fitting function is modified accordingly.
Recombination in liquid Argon doped with Nitrogen
In order to extract information about the charge left after recombination, the pulse height distribution from the 60 Co source was fitted with the superposition of functions 4.5 and 4.6 for two values of q e , corresponding to γ energies of 1.17 MeV and 1.33 MeV (Figure 11 ). Measurements with non-doped Argon were made first in order to obtain reference data. Figure 12 shows the signal spectra for four different values of the drift field in the TPC. After fitting, the end-point value can be plotted versus the drift field intensity. Figure 13 shows the end point values, superimposed to the "Box model" curve. The Q 0 value derived from the fit corresponds to the maximum charge that can be produced by 60 Co Compton electrons: Q 0 = 7.56 fC, as mentioned above. This value is used to calibrate the sensitivity of the charge amplifiers. In Figure 13 data from [14] are also shown, scaled by the ratio between the energy of the β -source electrons used in that work (364 keV e − from 113 Sn) and the maximum energy of Compton electrons in our conditions (1. Liquid Nitrogen was then gradually added to the cryostat containing liquid Argon. Its content was monitored by the density meter. Two sets of measurements were done for Nitrogen concentrations of 3 ± 1% and 6 ± 1% respectively. The dependence of q 0 on the drift field is shown in Figure 14 . In Figure 15 the same data are plotted in reversed coordinates: 1 q 0 /Q 0 vs 1/E, in order to demostrate the nearly linear behaviour. Data points are fitted with the "Box model":
where Q 0 is the initial ionization charge for pure Argon, q 0 is the collected charge assuming no drift, β is the fitting parameter and E is the electric field intensity. that the model with a constant Q 0 measured for pure Argon does not fit well the experimental data with doped Argon. Introducing an additional factor α in front of Q 0 helps in matching data much better (see Figures 16 and 17) : Figures 18 and 19 show the dependence of these fitted parameters versus the Nitrogen content. The factor α being less than 1 for Argon doped with Nitrogen can be due to the fact that the energy needed to create an ion-electron pair in the mixture is higher than for pure Argon (W = 23.6 eV ). The ionization energies of Argon and Nitrogen are very close to each other. The strong observed effect on α can be explained by the "quenching" of the ionization during production, that is even before the primary recombination phase. The presence of rotational and vibrational energy levels of molecular Nitrogen of the order of 2-10 eV may enhance electron thermalization during the ionization avalanche, therefore decreasing the total charge yield [17] . In fact, this effect was already observed by D.W. Swan [6] for lower concentrations of Nitrogen (below 1%), but no reasonable theoretical explanation was given. This effect is field-independent, so the charge loss can not be compensated by the drift field.
The β value in the "Box model" is derived as: 3) where N 0 is the number of produced electron-ion pairs in the volume of linear dimension a, k r is referred to as a recombination rate term, and u − is the electron mobility. The recombination rate term is in particular proportional to the collision cross-section between the corresponding ions and the electrons. Significant growth of the β value can thus be attributed to the increase of k r in the mixture, compared to pure Argon, or to a decrease of the electron mobility u − in the mixture. However, the latter was reported to show opposite behaviour, at least for small Nitrogen concentrations (below 1%) [6] .
Detailed theoretical calculations were recently made for dense gaseous mixtures of Krypton and Nitrogen [18] . These calculations show a strong dependence of the recombination rate term on the Nitrogen concentration up to 5 mol.%, very similar to the one we observed. The effect is explained by a much lower mean kinetic energy of the electron in presence of vibrational and rotational molecular Nitrogen energy levels. The recombination happens only if the total relative energy of the electron-ion pair falls below a certain threshold. Therefore, decreasing the mean energy enhances the recombination rate. This mechanism was suggested in [9] , where the capture probability of electrons on electronegative impurities in liquid Argon-Nitrogen mixtures was studied. In liquid Argon strong dependence of the electron capture probability on the Nitrogen concentration was shown. The electron capture on impurity atoms has a similar nature as the recombination. Moreover, the dependance of the capture probability on the Nitrogen concentration that was observed in [9] agrees with the asymptotic behaviour of recombination rate parameter β obtained by us (Figure 19 ). However, as was mentioned in [9] , this effect can be compensated by increasing the drift field intensity.
Conclusions
Ionization signals from cosmic muons and Compton electrons have been observed in a liquid Argon TPC, doped with substantial concentrations of Nitrogen. The so-called "Box model" describing electron-ion recombination can be used to fit our data assuming that the recombination parameter β depends on the Nitrogen concentration, and that some additional field-independent charge quenching is present. Our results prove the feasibility of liquid Argon, Nitrogen doped TPCs for applications that require a Nitrogen content in the tracking medium, such as GRNA radiography. The charge response in such mixtures will be further studied in following publications.
